The rhizobacterium Pseudomonas aeruginosa M18 can produce a broad spectrum of secondary metabolites, including the antibiotics pyoluteorin (Plt) and phenazine-1-carboxylic acid (PCA), hydrogen cyanide, and the siderophores pyoverdine and pyochelin. The antibiotic biosynthesis of M18 is coordinately controlled by multiple distinct regulatory pathways, of which the GacS/GacA system activates Plt biosynthesis but strongly downregulates PCA biosynthesis. Here, we investigated the global influence of a gacA mutation on the M18 transcriptome and related metabolic and physiological processes. Transcriptome profiling revealed that the transcript levels of 839 genes, which account for approximately 15% of the annotated genes in the M18 genome, were significantly influenced by the gacA mutation during the early stationary growth phase of M18. Most secondary metabolic gene clusters, such as pvd, pch, plt, amb, and hcn, were activated by GacA. The GacA regulon also included genes encoding extracellular enzymes and cytochrome oxidases. Interestingly, the primary metabolism involved in the assimilation and metabolism of phosphorus, sulfur, and nitrogen sources was also notably regulated by GacA. Another important category of the GacA regulon was secretion systems, including H1, H2, and H3 (type VI secretion systems [T6SSs]), Hxc (T2SS), and Has and Apr (T1SSs), and CupE and Tad pili. More remarkably, GacA inhibited swimming, swarming, and twitching motilities. Taken together, the Gac-initiated global regulation, which was mostly mediated through multiple regulatory systems or factors, was mainly involved in secondary and primary metabolism, secretion systems, motility, etc., contributing to ecological or nutritional competence, ion homeostasis, and biocontrol in M18. P seudomonas aeruginosa M18 is a unique and well-characterized biocontrol rhizobacterium showing a strong antifungal capability (1, 2). It can produce a diverse range of secondary metabolites, including antibiotics, siderophores, and extracellular enzymes, such as phenazine-1-carboxylic acid (PCA), pyoluteorin (Plt), hydrogen cyanide (HCN), L-2-amino-4-methoxy-trans-3-butenoic acid (AMB), pyoverdine, pyochelin, and alkaline protease (1, 2). In contrast to primary metabolism, which is essential for maintaining normal physiological processes, secondary metabolism is not absolutely required for bacterial survival but contributes to ecological and nutritional competence. AMB, a potent antibiotic and toxin, has received little attention (3). The antibiotics PCA and Plt mainly contribute to the strong antifungal capacity of the M18 strain. In the M18 genome, two copies of phenazine biosynthetic operons are highly homologous to each other and to those in P. aeruginosa PAO1 (2, 4). However, the Plt biosynthetic structural, regulatory, and transport gene cluster is conserved in gene organization and size between P. aeruginosa M18 and P. protegens Pf-5 (previously called P. fluorescens) but displays a certain level of difference in the nucleotide sequence, especially the noncoding sequence, between the two species (1, 5-7). The clinically isolated strain P. aeruginosa LESB58 shares an identical plt locus and nucleotide sequence with the rhizobacterium M18. However, strain LESB58 cannot produce Plt (8) because of a frameshift mutation in the pltB gene (9).
version of PCA to pyocyanin (PYO), shows a strain-specific and temperature-dependent expression pattern. The dominant phenazine product of the rhizobacterium M18 is PCA, whereas the clinically isolated P. aeruginosa strain PAO1 mainly accumulates PYO. A temperature of 37°C instead of 28°C is more favorable for phzM expression and PYO biosynthesis (14) . Apart from the different and strong transcriptional regulation from all three P. aeruginosa quorum-sensing (QS) systems (Las, Rhl, and PQS) (11, 12, 15) , antibiotic biosynthesis in the M18 strain is also subject to posttranscriptional regulation from the sRNA chaperone Hfq (16) and the Gac/Rsm signal transduction cascade (10, 17) .
The well-known Gac/Rsm cascade has been characterized in detail in P. fluorescens CHA0 (18) (19) (20) . The Gac/Rsm cascade is initiated by the Gac two-component regulatory system composed of the sensor kinase GacS and its corresponding response regulator, GacA. The GacS kinase responds to and senses an unidentified signal, causing the activation of the transcriptional regulator GacA through a phosphorelay mechanism. The active form of the GacA protein subsequently activates the transcription of the small RNAs (sRNAs) rsmXYZ. These sRNAs sequester the translational repressor proteins RsmAE, which block ribosome binding at the mRNA ribosome binding site of the target genes involved in secondary metabolism, including antibiotic biosynthesis (18) (19) (20) . The modes of Gac system regulation of antibiotic biosynthesis in M18 are both similar to and different from those in CHA0. Plt biosynthesis and its gene expression need activation by both the GacS/ GacA global regulatory system (10) and the plt pathway-specific transcriptional activator PltR (21, 22) . Moreover, one section of the activating pathway driven by Gac may be mediated by PltR (13) . Intriguingly, the Gac system exerts strong downregulation on PCA biosynthesis through an uncharacterized mechanism (10) .
The global transcriptome profile of the gacA mutant has been measured both in the representative biocontrol rhizobacterium P. protegens strain Pf-5 grown in NBGly medium at 20°C (23) and in the clinically isolated P. aeruginosa strain PAK grown in LuriaBertani (LB) medium at 37°C (24) . In the Pf-5 genome, more than 10% of the genes are significantly influenced at the transcript level when the cell density reaches an optical density at 600 nm (OD 600 ) of 2.4 (23) . The transcript levels of a relatively smaller number of genes (n ϭ 228) in the P. aeruginosa PAK genome show more than 2-fold induction or repression in the gacA mutant relative to the level of expression in its parental strain grown to an OD 600 of approximately 6.0 (24) . However, the RsmA regulon in P. aeruginosa strain PAK grown at the stationary phase includes over 500 genes (25) . The Gac system also acts exclusively by controlling the transcription of sRNAs, RsmY, and RsmZ in P. aeruginosa PAK (24) . The Gac/Rsm cascade covers a broad range of complex regulons regulating secondary metabolism and virulence factors.
During the long-term adaptation to rhizosphere environmental pressure, P. aeruginosa strain M18 may have evolved a unique set of secondary metabolic profiles involved in antibiotic biosynthesis and numerous corresponding global regulatory mechanisms, including Gac/Rsm (10, 17) and QS (11, 12, 15) . The complex and diverse regulatory mechanisms of the Gac system in M18 urged us to analyze the global pattern of genomic expression of the gacA mutant and to further explore the importance of the Gac system to overall physiology and metabolism and the regulatory network of the Gac system. In this study, we used the global transcriptome approach and extensive phenotypic analysis to investigate the genome-wide effects of gacA inactivation on rhizosphereisolated P. aeruginosa strain M18 grown in King's medium B (KMB) (26) at 28°C during the early stationary phase. The results highlight a broader and more distinct regulatory profile of the GacS/GacA system in M18 than in Pf-5 and PAK. Approximately 15% of all annotated genes (5,698 genes) in the M18 genome displayed more than 2-fold upregulation (367 genes) or downregulation (472 genes) at the transcript level of the gacA mutant compared with the level of expression in wild-type strain M18. The Gac-controlled genotypic and phenotypic profiles predominantly included the secondary metabolism involved in the biosynthesis of antibiotics and extracellular enzymes as well as the primary metabolism involved in utilization of sulfur, phosphorus, and nitrogen, a large number of secretion systems, three types of motility, multiple regulatory factors or systems, etc.
MATERIALS AND METHODS
Bacterial strains, plasmids, DNA primers, and culture conditions. The bacterial strains, plasmids, and DNA primers used in this study are listed in Table S1 in the supplemental material. Escherichia coli strains were grown in Luria-Bertani medium for routine purposes. P. aeruginosa M18 and its derivative strains were grown in KMB (26) or pigment-producing medium (PPM) (27) at either 28°C or 37°C. For P. aeruginosa M18, antibiotics were added at the following final concentrations: 50 g ml Ϫ1 kanamycin, 100 g ml Ϫ1 spectinomycin, and 120 g ml Ϫ1 tetracycline. Tetracycline (15 g ml Ϫ1 ) or kanamycin (50 g ml Ϫ1 ) was used for E. coli. For assaying ␤-galactosidase activity, 4 mg ml Ϫ1 ortho-nitrophenyl-␤-Dgalactopyranoside in 100 mM phosphate buffer (pH 7.0) was used. When required, 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal) was added on solid medium at 0.02% (28) .
Molecular biological methods. All DNA manipulations not described in detail were carried out using standard methods (28) . KOD plus (Toyobo), LA Taq, Taq DNA polymerase (TaKaRa), RNA reverse transcriptase, DNA restriction endonucleases, ligase, DNA markers (MBI Fermentas), and other related reagents were used according to the manufacturers' instructions. Genomic DNA was extracted from P. aeruginosa M18 with an EZ-10 spin column genomic DNA isolation kit provided by Bio Basic Inc. Plasmid DNA was extracted using BioDev plasmid minipreparation purification system B. DNA was purified from the gel with a Qiagen QIAquick gel extraction kit or an Axygen AxyPrep DNA gel extraction kit. DNA synthesis and sequencing were conducted by Invitrogen Biotechnology Corporation or the Beijing HuaDa Genomics Institute.
RNA isolation, microarray hybridization, and data analysis. For microarray analysis, fresh overnight cultures of P. aeruginosa M18 and its gacA mutant were inoculated at a final concentration with an OD 600 of 0.05 into 500-ml Erlenmeyer flasks containing 100 ml KMB. The cultures were grown at 28°C with shaking at 200 rpm. After 22 h of incubation, the cells were harvested in the early stationary phase with an OD 600 of 5.08 for M18 and 5.29 for the gacA mutant. The cells were collected using centrifugation (3,000 rpm, 4°C, 3 min). The cell pellet was rapidly washed with prechilled phosphate-buffered saline and then recollected by centrifugation (3,000 rpm, 4°C, 3 min). The precipitated cells were immediately resuspended in 1 ml of TRIzol reagent (Invitrogen) at room temperature for 20 min and then added to 200 l chloroform. The sample was mixed by vortexing for 15 s and then centrifuged at 4°C for 15 min at 4,600 ϫ g. Subsequently, the liquid layer was transferred into a new tube and added to 480 l isopropanol. Similarly, the mixed sample was centrifuged at 4,600 ϫ g and 4°C for 15 min. The RNA pellet was washed with 70% ethanol, dissolved in RNase-free water, and purified using a Qiagen RNeasy minikit. The concentration and purity of RNA were determined by a BioAnalyzer apparatus (Agilent Technologies). RNA samples with an A 260 /A 280 of between 1.8 and 2.0 and an RNA integrity number of Ն7.0 were kept for further reverse transcription-PCR (RT-PCR).
Approximately 2 g of RNA sample was transformed into cDNA using one-step RT-PCR. The cRNA transcribed from cDNA by T7 RNA polymerase was purified using a Qiagen RNeasy minikit, modified with aminoallyl-UTP (aa-UTP), labeled with cyanine-3 (Cy3) fluorescence dye, and then quantified by the BioAnalyzer apparatus (Agilent Technologies). The Cy3-labeled cRNA was subsequently used for hybridization with a DNA microarray (8ϫ15K array; Agilent). The in situ-synthesized oligonucleotide microarray (Gene Expression Omnibus [GEO] platform GPL11372) comprises 15,000 60-mer DNA oligonucleotide probes covering almost all open reading frames (ORFs) annotated in the P. aeruginosa M18 genome. Approximately 875 ng of Cy3-labeled cRNA was hybridized with the M18 genomic microarray at 65°C for 17 h. The hybridized microarray slides were washed in staining dishes with a gene expression wash buffer kit and stabilization and drying solution (Agilent Technologies). Thereafter, the slides were scanned twice using Agilent's high-performance microarray scanner at 100% and 10% photomultiplier tubes to reduce the signal-to-noise ratio of each probe on the DNA chip. Each microarray experiment consisted of three biological replicates and three technical replicates.
Background noise from the microarray raw data was corrected with the RMA algorithm and quantile normalization (29) . Expression levels obtained from three replicates were compared using an SBC analysis system with an unpaired Student's t test. Given that the RMA algorithm diminishes the false-positive rate and compresses the fold change, only genes showing a P value of Ͻ0.05 and a fold change of Ն2 were considered to be significantly differentially expressed. The genes differentially regulated between the wild-type M18 strain and its gacA mutant were identified manually.
Construction of lacZ fusion plasmids. The regulatory effect of GacA on three type VI secretion systems (T6SSs) was assessed by selecting hsiA1, hsiA2, and hsiB3, which correspond to the first genes of the hsiA1-hcp1, hsiA2-icmF2, and hsiB3-clpV3 operons located within the H1, H2, and H3 (T6SS) loci, respectively, in constructing the lacZ translational fusions in the pME6015 vector. In pME6015, the corresponding promoter/operator region and the first eight codons of the E. coli lacZ gene were deleted. Specifically, three fragments, including the promoter/operator region and the first several codons of hsiA1, hsiA2, and hsiB3, were PCR amplified and cloned into EcoRI/PstI-digested pME6015, generating the corresponding hsiA1=-=lacZ, hsiA2=-=lacZ, and hsiB3=-=lacZ translational fusion vectors.
Quantification of ␤-galactosidase activity. P. aeruginosa M18 and its derivative strains harboring the lacZ reporter plasmid were inoculated from the overnight culture into 500-ml Erlenmeyer flasks containing 100 ml KMB to a final concentration of an OD 600 of 0.05 and then cultured at 28°C with shaking at 200 rpm. At different time points, the cells were harvested for assaying ␤-galactosidase activities using the method of Miller (30) .
In vitro assay for HCN and siderophore production. The HCN production of M18 and its derivative strains was detected on an HCN induction medium plate (30 g tryptic soy broth, 4.4 g glycine, 15 g agar per liter) at 28°C using an indicator paper method (31). For each strain, 100 l of culture (10 8 cells ml Ϫ1 ) was dropped at the center of the plate. Thereafter, a disk of filter paper impregnated with picric acid (0.5%) and sodium carbonate (2%) was fixed to the underside of the petri dish covers, which were then sealed with Parafilm. After 24 h of incubation at 28°C, HCN production was indicated by the orange-brown discoloration of the filter paper.
Siderophore production by the Pseudomonas strains in solid medium was determined by the universal chrome azurol S (CAS) method (32) . CAS blue agar was prepared according to a detailed and step-by-step procedure provided by Schwyn and Neilands (32) . The blue agar was poured along the glass wall of the CAS plate, and the plate was carefully agitated to avoid foaming. An inoculum (10 l) of M18 or its derivative strains was dropped onto the center of the CAS plate. After incubation for 56 h to 60 h at 28°C, siderophore production was assessed by the formation of a distinct fluorescent orange zone on the CAS plate.
Assessment of phosphorus, sulfur, and nitrogen utilization. The influence of the gacA mutation on the ability of P. aeruginosa M18 to utilize different phosphorus, sulfur, or nitrogen sources was assessed by growing M18 and its gacA mutant strains on minimal medium with or without the addition of corresponding phosphorus, sulfur, or nitrogen sources. Cell growth (OD 600 ) was monitored spectrophotometrically at 600 nm on a rotary shaker with shaking at 200 rpm at 28°C. The influence of the P. aeruginosa M18 gacA gene on the utilization of KH 2 PO 4 as a phosphorus source was measured in medium (0.5 g MgSO 4 , 2 g citric acid, 1 g L-asparagine, 0.3 g KCl, 1 g glycerol, 0.5 g Tween 80, 320 l 0.5 M FeCl 3 , 100 l 1 M NH 4 Cl per liter liquid) amended without or with 10 mM KH 2 PO 4 as the sole phosphorus source (33) . For the sulfur utilization assay, M18 and its gacA mutant were routinely grown in a minimal medium containing 50 mM Tris-HCl (pH 7.3), 25 mM glucose, 20 mM NH 4 Cl, 2 mM KH 2 PO 4 , and 0.5 mM MgCl 2 (34) . Five sulfur compounds, including MgSO 4 , Met, cysteine (Cys), sodium dodecyl sulfate (SDS), and taurine, were each added to the foregoing medium as an alternative source of sulfur to a final concentration of 500 M. Assay for nitrogen assimilation was carried out in nitrogen-free medium amended without or with NH 4 Cl or NaNO 3 as the nitrogen source at a final concentration of 0.03 mol l Ϫ1 . The composition of the minimal medium per liter was as follows: agar). After incubation at 28°C for 24 h, the zone of motility at the petri dish interface was observed. In all motility assays, three independent experiments were carried out with at least three parallel replicates for each strain.
Microarray data accession number. The microarray data sets have been deposited in the GEO database (http://www.ncbi.nlm.nih.gov/geo/) with accession number GSE43655.
RESULTS
Influences of gacA inactivation on transcriptome profile of P. aeruginosa M18. DNA microarray experiments were conducted to investigate the influence of GacA on the genome-wide transcription of P. aeruginosa M18. The experiments compared the transcriptional profile of M18 with that of the gacA mutant grown to the early stationary phase (OD 600 ϭ 5.0 to 5.5) in King's medium B (KMB). The microarray data from three independent cultures were validated by quantitative real-time RT-PCR and lacZ fusion expression analyses (see Fig. S1 in the supplemental material). The transcriptome results were also confirmed by our previous report that the GacS/GacA two-component system (TCS) activated Plt biosynthesis and its operon expression and exerted strong downregulation on PCA biosynthesis and phz operon expression in M18 (10) .
Compared with the M18 parental strain, the transcriptome profile of the gacA mutant revealed the significantly differential expression (increased or decreased by at least 2-fold; P Ͻ 0.05) of 839 genes, which represent approximately 15% of the 5,698 annotated genes in the M18 genome. Of these 839 genes, 472 were downregulated and 367 genes were upregulated by the gacA mutation (see Tables S2 and S3 in the supplemental material). The GacA regulon genes were grouped into 20 functional categories on the basis of PseudoCAP and were plotted with respect to downregulation and upregulation (Fig. 1A) . The largest group consisted of hypothetical and putative genes, 121 of which were downregulated and 94 of which were upregulated in the gacA mutant compared with the expression in its parental strain, M18. The regulon under the positive control of GacA was mainly involved in secondary metabolism (51 genes), secretion systems (66 genes), cell membrane biogenesis (38 genes), etc. However, the negative regulon of GacA was predominantly involved in transcription factors and regulators (40 genes), amino acid transport and metabolism (34 genes), inorganic ion transport and metabolism (45 genes), etc. (Fig. 1A) .
The well-characterized genes or gene clusters under GacA control are plotted in Fig. 1B . The secondary metabolic genes or gene clusters responsible for the biosynthesis of antibiotics (PCA, Plt, HCN, and AMB), siderophores (pyoverdine and pyochelin), and exoenzymes (alkaline protease, phospholipase C, chitinase, etc.) were strongly controlled by the Gac system. Surprisingly, the Gac system also exerted a significant influence on the primary metab-olism involved in the assimilation and metabolism of phosphorus (phn, pst, and phoBR), sulfur (tau and ssu), and nitrogen (nor and nir). Many bacterial secretion systems also received strong and comprehensive regulation originating from GacA, including all three T6SSs (H1, H2, and H3), one T2SS (Hxc), two T1SSs (Has and Apr), one type I pilus system (CupE), and one type IVb pilus system (Tad). Among the genes in the GacA regulon, multiple operons encoding siderophores (pvd and pch) and hemophore (has) as well as phosphorus utilization operons (phn and pst) were established to play important roles in maintaining cellular ion homeostasis (36) . The che2 chemotaxis operon (PAM18_0169 to PAM18_0178) was also shown to be subject to the positive control of GacA. Another important functional category occupying a large proportion of the GacA regulon was regulatory genes, such as two-component regulatory systems, transcriptional regulators, sigma factors, and regulators. This finding indicates that most members of the GacA regulon are likely under the indirect control of the Gac system.
GacA acts as a central regulator of secondary metabolism.
The biosynthesis of secondary metabolites, including antibiotics, siderophores, and extracellular enzymes, contributes to the biocontrol or virulence activity of Pseudomonas strains. The transcript levels of all genes within the Plt biosynthetic gene cluster were significantly downregulated by at least 4-fold in the gacA mutant relative to their expression in wild-type strain M18 (Fig. 2C) . This further confirms our previous result (10) and is also consistent with results reported for P. protegens Pf-5 (23). Two homologous phz gene clusters revealed an approximately 2-fold increase at the transcript level in the gacA mutant compared with their expression in M18. Although the level of significance (P value) of the difference in transcript abundance of some phz genes between the two strains was more than 0.05 (Fig. 2D) , the microarray result coincided with the results in our initial report (10) . Similarly, the gacA mutation caused an obvious upregulation of the transcript level of the mexGHI-opmD efflux pump operon adjacent to the phz1 operon. The transcript level of qscR, a global QS regulator gene upstream of the phz2 operon, displayed a 3.3-fold decrease because of the gacA mutation. The qscR gene was also reported to mainly downregulate the expression of the phz2 operon (16) .
In addition to plt and phz, the amb (PAM18_2734 to PAM18_2739) and hcn (PAM18_2842 to PAM18_2840) operons responsible for AMB and HCN biosyntheses, respectively, were also present among the positive regulons of GacA ( Fig. 2E and F) . Similar to Plt biosynthesis, HCN biosynthesis was strongly repressed in the gacA mutant of M18 (Fig. 3A) . The picrate paper on the plate inoculated with the gacA mutant remained yellow. This result indicates that minimal HCN was generated. In contrast, the picrate paper on the plates inoculated with M18 changed from yellow to a strong reddish brown after M18 was grown at 28°C for 24 h. The HCN production of the gacA mutant could also be restored to the wide-type level by complementation with plasmid pME6032 bearing the gacA gene (Fig. 3A) . The Gac-initiated activation pathway of hcn expression was utilized as a classic model for clarifying the molecular regulatory mechanism of the Gac/ Rsm cascade in CHA0 (20, 37) . The expression of a functionally unknown gene cluster spanning from PAM18_1637 to PAM18_1629, which may be involved in secondary metabolism, was strongly positively regulated by GacA. The gacA mutation caused approximately 8-fold to 30-fold downregulation of these genes at the transcript levels (Fig. 2G) . The siderophores pyoverdine and pyochelin, which can be produced by both the biocontrol rhizobacterium P. protegens Pf-5 (38) and the opportunistic pathogen P. aeruginosa PAK (39), play a critical role in iron uptake and metabolism, thus ensuring iron homeostasis (40) . As shown in Fig. 2A , the genes associated with pyoverdine biosynthesis and transport underwent a notable downregulation at the transcript level in the gacA mutant relative to their expression in M18. The gacA mutation resulted in a relatively small degree of downregulation on the expression of pch genes encoding the other siderophore, pyochelin. Correspondingly, siderophore production was assayed for wild-type strain M18, the gacA mutant, and the complemented gacA mutant strain (Fig. 3B) . The diameter of the fluorescent region around the inoculation point, which can reflect siderophore production, was significantly narrowed because of the gacA mutation. Consequently, the reduced capacity of siderophore biosynthesis in the gacA mutant was recovered to the wild-type level by introducing a gacA expression vector (Fig. 3B) . These results indicate that the Gac system positively influences the biosynthesis of the siderophores pyoverdine and pyochelin in M18, which is the opposite of the influence in P. protegens .
In addition to the antibiotic and siderophore biosynthetic gene clusters under GacA control, the expression of genes encoding some extracellular enzymes was also subject to Gac regulation. As shown in Fig. 2H , the gacA mutation significantly upregulated the transcript levels of both the apr operon, encoding alkaline protease, and three phospholipase C genes (plcB, plcN, and plcH). The Gac system regulated apr expression in the opposite directions between P. aeruginosa M18 and P. protegens Pf-5. When the gacA mutant was compared with its parental strain, M18, a remarkable downregulation of the penicillin acylase gene PAM18_3149 and its flanking genes, the sodM gene (encoding a superoxide dismutase) and its flanking genes, and the chiC gene (encoding a chitinase) was also observed. These extracellular enzymes are usually secreted for biocontrol or virulence, depending on the Pseudomonas species (41, 42) .
GacA targets involved in primary metabolism and energy metabolism. The GacS/GacA system is considered a master regulator of Pseudomonas secondary metabolism. However, in the transcriptome profile of P. aeruginosa M18, many gene clusters involved in primary metabolism, including assimilation and metabolism of phosphorus, sulfur, and nitrogen sources, varied considerably at the transcript level because of the gacA mutation (Fig. 4) . The gacA mutation resulted in the strong upregulation by up to several dozen times of the transcript levels of two phosphonate transport and metabolic operons, phnCDEFGHIJKLMNP and pstSCAB-phoU-PAM18_5484, and the phoR-phoB TCS ( Fig.  4A and B) . Similarly, the ssu and tau operons, which are required for the utilization of sulfonate and taurine as sulfur sources, respectively, displayed a relatively significant upregulation in transcript levels in the gacA mutant relative to their expression in the M18 strain ( Fig. 4C and D) . However, the expression of two gene clusters (nir and nor) involved in nitrogen metabolism was downregulated, although not at a significant level, because of gacA inactivation (Fig. 4E) . In addition, the cyoABCDE operon (PAM18_3585 to PAM18_3581), encoding cytochrome O ubiquinol oxidase, and two cytochrome P450 genes (PAM18_ 1634 and PAM18_2564) involved in energy metabolism were, respectively, upregulated and downregulated in the gacA mutant compared with their expression in its parental strain (Fig. 4F) .
Subsequently, we compared the ability of the M18 strain with its gacA mutant to grow on medium with various compounds as the sole source of phosphorus, sulfur, or nitrogen. As shown in Fig. 5A , when 10 mM KH 2 PO 4 was added as the sole source of phosphorus in the minimal medium, the gacA mutant showed a significant increase in growth rate compared with that of wildtype strain M18. However, no obvious difference in growth between M18 and its gacA mutant was observed in the minimal medium without the addition of 10 mM KH 2 PO 4 . Five compounds, including MgSO 4 , methionine, cysteine, SDS, and taurine, were used as the sole source of sulfur in assessing the influence of GacA on the sulfur utilization capacity of P. aeruginosa M18. The results of assays for cell growth revealed that the increase in cell density caused by the gacA mutation in the minimal medium with the addition of MgSO 4 , methionine, or taurine as the sole source of sulfur was greater than that in the minimal medium without the corresponding addition of one of these three sulfur compounds (Fig. 5B, C, and F) . However, the growth promotion caused by gacA inactivation did not show an obvious difference between the minimal medium amended with one of the other two sulfur compounds, cysteine and SDS, and the minimal medium not amended ( Fig. 5D and E) . The cell growth of the gacA mutant was markedly impaired compared with that of M18 in the minimal medium amended with 30 mM NH 4 Cl as the sole nitrogen source (Fig. 5G) . However, the gacA mutation showed no signifi- tion of wild-type strain M18, the gacA mutant (M18G), and the complemented gacA mutant strain (M18G/pME-gacA) was detected on an HCN induction medium plate with an indicator paper method. The strains were incubated at 28°C for 24 h. (B) Siderophore production of wild-type strain M18, the gacA mutant, and the complemented gacA mutant strain was detected on CAS blue agar plates. The strains were incubated for 56 to 60 h at 28°C. Siderophore production, indicated by the size of the orange zones, was significantly decreased due to the gacA mutation.
cant influence on the cell growth of P. aeruginosa M18 in the minimal medium with NaNO 3 as the sole nitrogen source (Fig. 5H) . These results, together with the transcriptome data, indicate that the primary metabolism involved in the uptake or catabolism of phosphonate, sulfonate, and nitrate compounds is also under the global regulation of the M18 Gac system. The control of primary metabolism by the Gac system may ultimately contribute to nutritional competition and ion homeostasis in P. aeruginosa M18.
GacA strongly regulates many bacterial secretion systems. (i) GacA strongly upregulates the expression of all three type VI secretion systems. Numerous secretion systems, types I to VI, exist in Gram-negative bacteria. These systems are involved in the release of proteins, enzymes, or toxins, most of which belong to virulence or biocontrol factors (43, 44) . The type VI secretion system (T6SS), a multipurpose delivery system with phage-like machinery, is one of the largest classes of bacterial secretion systems. In P. aeruginosa, three T6SSs (the H1, H2, and H3 T6SSs) secrete two types of homologous proteins, Hcp and VgrG (45) . In the present study, microarray experiments determined that all three T6SSs, H1 (PAM18_0071 to PAM18_0102), H2 (PAM18_3390 to PAM18_3376), and H3 (PAM18_2668 to PAM18_2683), and other T6SS-related genes were strongly downregulated in the gacA mutant relative to their expression in its parental strain, M18. Among the T6SS regulons of GacA, the most significant downregulation at the transcript level was observed on the hcp genes encoding the secreted factor Hcp (hemolysin-coregulated protein), including hcp1, hcp2, hcp3, hcpB, and hcpC (Fig. 6A to D) . To confirm further the positive control of gacA on the three T6SSs, we constructed three lacZ reporter plasmids carrying the hsiA1=-=lacZ, hsiA2=-=lacZ, and hsiB3=-=lacZ translational fusions. The ␤-galactosidase activities resulting from these three plasmids were assayed in the gacA mutant and wildtype strain M18. As shown in Fig. 7 , the expression of the hsiA1, hsiA2, and hsiB3 operons, belonging to the H1, H2, and H3 T6SSs, respectively, was downregulated in the gacA mutant compared with their expression in M18. These results clearly suggest that the Gac system positively controls the expression of T6SSs in P. aeruginosa M18.
(ii) Positive control of the Has T1SS and negative control of the Apr T1SS and Hxc T2SS by GacA. The Has type I secretion system (Has T1SS) HasDEF is responsible for the secretion of the hemophore HasAp (heme acquisition protein), which binds heme from hemoglobin and is then taken up via the cell surface receptor HasR in P. aeruginosa (44) . Transcriptome data demonstrated that the hasISRApDEF gene cluster was significantly downregulated at the transcript level by the gacA mutation (Fig. 6E) . The most significant downregulation of the gacA mutation was found at the transcript level of the gene encoding HasAp (Fig. 6E) . These results suggest that the Gac system positively controls the expression of the Has T1SS. In contrast, another T1SS (Apr) involved in alkaline protease secretion (44) was under the negative control of GacA (Fig. 2H) . Similarly, the hxc gene cluster (PAM18_4350 to PAM18_4361), encoding the Hxc T2SS, which is involved in the secretion of a low-molecular-weight alkaline phosphatase, LapA (44), displayed significant upregulation at the transcript level because of the gacA mutation. The downstream vreAIR operon encoding a cell surface signaling (CSS) system (46) was also strongly downregulated by GacA (Fig. 6F) .
(iii) Strong and positive regulation of GacA on two pilus operons, the cupE type I pilus operon and the tad type IVb pilus operon. Similar to P. aeruginosa PAO1, the M18 strain possesses four cup (chaperone-usher pathway) gene clusters, cupA, cupB, cupC, and cupE, which encode the fimbrial subunits for assembling type I pili. The Cup systems are important in surface attachment and biofilm formation (44) . Among the four cup gene clusters, the cupE gene cluster showed the strongest downregulation at the transcript level in the gacA mutant compared with its expression in the M18 strain (Fig. 6G) . Another type of pilus, the type IVb pilus, is mainly involved in adherence, motility, pathogenesis, etc. (47) . The tad (tight adherence) locus encodes functions necessary for the biogenesis of the Flp subfamily of type IVb pili (47) . The transcript levels of two gene clusters involved in the utilization of sulfonate source and taurine, ssu and tauABCD, were significantly upregulated in the gacA mutant relative to their expression in wild-type strain M18. (E) Some of the nitric oxide reductase genes (nor) and nitrite reductase genes (nir) showed a larger but not significant downregulation in the gacA mutant relative to their expression in wild-type strain M18. (F) Influence of gacA on transcript abundance of the cyo operon and two cytochrome P450 genes. Hollow arrows, transcript levels that differed significantly between wild-type strain M18 and the gacA mutant strain (P Ͻ 0.05); gray arrows, P Ͼ 0.05.
The microarray result showed that the flp-rcp-tad locus was positively regulated by GacA (Fig. 6H) .
Significant enhancement of bacterial motility by the gacA mutation. Motility is important because it allows bacteria to colonize different environments, attach to surfaces, and form biofilms. Pseudomonas has three distinct modes of motility: swimming, swarming, and twitching. Pseudomonas motility, which is most closely related to flagella, pili, and chemotaxis, is also subject to the complex control of various regulatory systems and environmental factors (35) . We measured the swimming, swarming, and twitching motilities of the gacA mutant and its parental strain, M18, in semisolid or soft agar to assess the influence of GacA on the motility of P. aeruginosa M18. As shown in Fig. 8 , all three modes of motility were amazingly enhanced in the gacA mutant relative to wild-type strain M18. Compared with the wild-type strain, the gacA mutant strain showed a dramatic increase in flagellar swimming motility through the soft agar. In addition, it was hyperefficient in swarming motility, with an irregular hyperbranching pattern, and formed an increasing interstitial twitching zone through colony expansion. In turn, the motility of the gacA mutant could be recovered to the wild-type level through complementation with plasmid pME6032 carrying the gacA gene (Fig. 8) . Unexpectedly, among the GacA regulons of M18, no entire or partial motility-related gene clusters were negatively regulated by GacA. In contrast, gene clusters potentially related to bacterial motility, such as che2, were positively controlled by GacA. These results imply that the Gac system negatively controls the motility of P. aeruginosa M18 through a series of indirect and complex pathways or mechanisms.
The Gac system regulates multiple transcriptional regulatory factors or systems. The transcriptome profile revealed that 103 genes in the GacA regulon encode regulatory systems or factors, including 46 transcriptional regulators belonging to different families; 39 TCS elements; 15 sigma factors (RpoS, etc.), antisigma factors (VreR and FoxR), or sigma activators (Sfa2 and Sfa3); and 3 QS regulators (LasI, RsaL, and QscR). Among the TCSs regulated by GacA, PhoB/PhoR, NtrC/NtrB, PirS/PirR, and PAM18_2081/PAM18_2082 were significantly upregulated at the transcript level in the gacA mutant compared with their expression in wild-type strain M18. The PhoR/PhoB TCS globally regulates the expression of the phosphate transport and metabolism operons pst and phn and phoBR in other strains (36, 48) . The pprA-pprB TCS, as part of the flp-tad-rcp gene cluster, activates the expression of the type IVb pilus Tad and type I pilus CupE in P. aeruginosa PAO1 (49, 50) . In M18, the transcript level of the pprA sensor gene was significantly downregulated by the gacA mutation. The sensor kinase-response regulator hybrid RetS, which is involved in the regulation of secretion system expression, exopolysaccharide production, and biofilm formation (51), was also positively regulated by GacA in M18.
In addition to TCSs, multiple CSS systems constituted a larger group of the GacA regulon, such as VreI-VreR-VreA, which upregulates the expression of the Hxc T2SS (46), FoxI-FoxR-FoxA (52), and two CSS-related systems, TonB2-ExbB1-ExbD1 and TonB4-ExbD2-ExbB2. The CSS system typically consists of three components: an alternative 70 factor with an extracytoplasmic function, a sigma factor regulator (anti-sigma factor) in the cytoplasmic membrane, and a TonB-dependent outer membrane receptor. The TonB-ExbB-ExbD protein complex provides energy for the transport of the iron-siderophore complex across the outer membrane (46) . In the transcriptome profile of M18, the largest family of transcriptional regulators under the control of GacA is the LysR family, which includes 11 genes. Other families include GntR (5 genes), AraC (5 genes), Cro/CI (4 genes), MarR (2 genes), of all three P. aeruginosa T6SS gene clusters (H1, H2, and H3 T6SSs) and other related genes. In all three T6SSs, homologous genes are shown in the same color; (E) positive control of gacA on the has T1SS operon, involved in hemophore-dependent heme acquisition; (F) negative regulation of gacA on transcript levels of the hxc T2SS gene cluster; (G and H) the transcript levels of two pilus operons, cupE and tad, were under the positive control of gacA. Hollow arrows, transcript levels that differed significantly between wild-type strain M18 and the gacA mutant strain (P Ͻ 0.05); gray arrows, P value Ͼ 0.05. MerR (3 genes), TetR (3 genes), sigma factors (11 genes), and others (17 genes). For example, the redox-sensitive transcriptional activator SoxR, a member of the MerR family, was negatively controlled by GacA.
The presence of multiple regulators within the GacA regulon implies that, in most cases, the GacS-GacA system may indirectly regulate various cellular processes and functions (e.g., bacterial metabolism, secretion systems, and motility) in M18 through the mediation of these regulatory systems or factors. Most of the above-mentioned regulators controlled by GacA in M18 are involved in the global or pathway-specific regulation of the Gaccontrolled phenotypes in other Pseudomonas strains. Most GacAregulated gene clusters include or link with one or more regulatory genes, such as pch (pchR) (Fig. 2B) , phz2 (qscR) (Fig. 2D) , plt (pltR) (Fig. 2C) , pst (pstU and PAM18_5484) (Fig. 4B) , phn (phnF) (Fig. 4A) , the H1 T6SS (ppkA-pppA) (Fig. 6A) , the H2 T6SS (stk1-stp1 and sfa2) (Fig. 6B) , and the H3 T6SS (sfa3) (Fig. 6C) .
DISCUSSION
The conserved Gac-Rsm signal transduction pathway, which is constituted by the two-component regulatory system GacS/GacA (BarA/UvrY in E. coli), the small RNAs RsmYZ (CsrB), and the translational repressor RsmA (CsrA), is typically involved in the regulation of virulence or biocontrol factors and carbon storage in many gammaproteobacteria (53) . Multiple distinct regulatory characteristics of secondary metabolism, including the antibiotic biosynthesis shown by P. aeruginosa strain M18 isolated from the rhizosphere (4, (10) (11) (12) (13) (14) (15) (16) 22) , urged us to ascertain the genome-scale profiling of bacterial physiology and metabolism in the gacA mutant of the M18 strain. A general model of GacA-mediated global regulation in P. aeruginosa M18 is outlined in Fig. 9 . The GacS/ GacA system plays a pivotal role in the transcriptional regulation of diverse metabolic and physiological functions in the rhizobacterium P. aeruginosa M18, including secondary metabolism (involved in the biosynthesis of antibiotics, exoproducts, and siderophores), primary metabolism (involved in the assimilation and metabolism of phosphorus, sulfur, and nitrogen sources), ion homeostasis, ecological or nutritional competition, secretion systems, and cell motility (Fig. 9) . The global transcriptional regulation driven by GacA is mostly mediated by many global or pathway-specific transcriptional regulatory systems or factors accounting for over 12% of all GacA regulons, such as transcriptional regulatory proteins of diverse families, TCSs, sigma factors or regulators, CSS systems, and QS systems. The Gac cascade, together with these regulatory systems and factors, is integrated into a cascaded and interwoven network to regulate globally a broad range of cell functions in M18.
The transcriptome profile of the gacA mutant was analyzed in both P. protegens Pf-5 (23) and P. aeruginosa PAK (24) . The gacA mutation has a more extensive and significant impact on genomic expression in M18 than it does in either Pf-5 or PAK. This observation may mainly be attributed to the differences in strain specificity, culture conditions (including medium and temperature), sampling time, etc. The transcriptome profiles of the gacA mutant were assayed for P. protegens Pf-5 grown in NBGly medium at 20°C to an OD 600 of 2.4 (23), P. aeruginosa PAO1 grown in LB medium at 37°C to an OD 600 of approximately 6.0 (24), and P. aeruginosa M18 grown in KMB at 28°C for 22 h to an OD 600 of 5.0 to 5.5. The culture conditions including the KMB and the 28°C temperature used in this study are generally used for Pseudomonas conventional cultivation and antibiotic fermentation (26) . Also, P. aeruginosa M18 incubated in KMB at 28°C for 22 h enters into the early stationary phase, at which time bacteria start to biosynthesize secondary metabolites. Such culture conditions and such a sampling time were initially chosen for transcriptome profiling on the basis of the established viewpoint that the Gac system is a master regulatory system for Pseudomonas secondary metabolism (19) . The transcriptome profile of P. protegens Pf-5 revealed that GacA significantly influenced the transcript levels of 635 genes. Of these genes, 124 were downregulated and 86 were upregulated (fold change, Ͼ2; P Ͻ 0.05) by the gacA mutation (23) . Comparison of the gacA transcriptomes of M18 and Pf-5 showed that 34 genes, 10 genes, and 11 genes were, respectively, similarly downregulated, similarly upregulated, and reversely regulated (fold change, Ͼ2; P Ͻ 0.05) by a gacA mutation (see Table S4 in the supplemental material). Three gene clusters, those for Plt, HCN, and H1 T6SS, are under the positive control of GacA in both strains (23) . However, two siderophore gene clusters, pch and pvd, are positively regulated in M18 and negatively regulated in Pf-5 by GacA. Similarly, the regulatory role of gacA on two type I secretion systems, the Apr T1SS and the Has T1SS, in M18 is opposite of that in Pf-5 (23) . In addition, a number of cytochrome c (cco) and o (cyo) oxidase genes involved in energy metabolism were under the similar control of GacA in both Pf-5 and M18. Apart from these common GacA regulons, in M18 a more extensive list of GacA regulons is involved in bacterial secretion (the H2 T6SS, H3 T6SS, Hxc T2SS, type I pilus CupE, and type IVb pilus Tad), secondary metabolism (amb and phz), and primary metabolism (phn, pst, ssu, tau, nir, and nor).
The transcriptome profile of P. aeruginosa PAK revealed that 116 genes are positively controlled and 55 genes are negatively regulated (fold change, Ͼ2; P Ͻ 0.05) by GacA (24) . Comparison of the transcriptome profiles of P. aeruginosa M18 and PAK revealed that 54 genes of the GacA regulon are under the common positive regulation of GacA in both strains (see Table S5 in the supplemental material). These GacA regulons with positive regulation include some genes of the H1 T6SS and H3 T6SS; the cat gene (PAM18_4330), encoding chloramphenicol acetyltransferase; the sodM gene (PAM18_4559), encoding superoxide dismutase; etc. (24) . However, only two genes and four genes were, respectively, commonly downregulated and reversely regulated by GacA in both strains (see Table S5 in the supplemental material). In the PAK strain, the Gac system negatively controls the type III secretion system, which is encoded by the genes psc, pcr, exs, and pop, and the pyrroloquinoline quinone genes pqqABCDE (24) . However, the expression of these genes is not significantly influenced by the gacA mutation in M18.
Typically, the GacS/GacA TCS plays an important role in the transition from primary to secondary metabolism and the control of the production of secondary metabolites and extracellular enzymes involved in biocontrol or pathogenicity and ecological fitness or competition (19, 53) . This study shows that the Gac system regulates not only the secondary metabolism involved in the biosynthesis of antibiotics, siderophores, and extracellular enzymes but also the primary metabolism involved in the transport and metabolism of phosphate, sulfonate, and nitrogen compounds in P. aeruginosa M18. This observation implies another important function of the Gac system in ion homeostasis and the nutritional starvation response. For example, the PhoR/PhoB TCS, which is negatively controlled by the Gac system in M18, globally regulates the expression of phn, pst, phoBR, and other pho regulons in bacteria. These Pho regulons are important parts of a complex network involved in the stress response, phosphate homeostasis, and pathogenesis (36) .
The cell surface structures responsible for bacterial motility vary among prokaryotes. In P. aeruginosa, the polar flagellum mediates swimming motility in aqueous environments or soft-agar plates, in which the movement direction is biased by chemotactic responses to chemical stimuli, and swarming motility, which is a type of social motility. However, twitching motility, a flagellumindependent mode of surface translocation, is mediated by the type IV pilus (35) . All three modes of bacterial motility are repressed by the Gac system in M18. However, no obvious clustered genes directly related to bacterial motility, such as flagellar and pilus biosynthetic and assembly genes fli, flg, che, and pil, were systematically found to be upregulated by the gacA mutation. Instead, the motility-related che2 chemotaxis operon (54) was shown to be positively regulated by GacA in M18. Only a few individual motility-related genes, such as the two-component sensor gene fleS, the flagellar gene fliS, and the monorhamnolipid biosynthetic operon rhlAB, were shown to be under the negative regulation of GacA. Whether the upregulation of these genes is sufficient to significantly enhance the bacterial motility of the gacA mutant of M18 still needs to be assessed. In agreement with the negative control of M18 swarming motility by GacA, RsmA, as a downstream element of the Gac/Rsm cascade, positively controls the swarming ability of P. aeruginosa PAO1 (55) . The GacS/GacA TCS in P. fluorescens F113 represses swimming motility via the KinB/AlgB TCS (56) . Interestingly, the M18 transcriptomic data suggested that the transcript level of the response regulator gene algB, not the sensor gene kinB, was significantly downregulated by the gacA mutation. However, it remains unknown whether the Gac system represses motility through KinB/AlgB in M18. In contrast to the Gac repression of F113 motility, the gacA mutant almost entirely impairs the swarming motility but does not obviously influence the swimming motility of the rhizobacterium P. protegens . In addition, the swarming motility of P. aeruginosa requires flagella and pili. It is also dependent on the Rhl QS system and is positively regulated by the Las QS system (57). In short, bacterial motility shows apparent strain specificity and is subject to complex regulation of genetic and environmental factors. Therefore, further research is needed to clarify the molecular regulatory mechanism of the Gac system on the motility of P. aeruginosa M18.
In conclusion, the GacS/GacA two-component system of P. aeruginosa M18 globally controls multiple sets of diverse biological processes, including secondary metabolism, primary metabolism, bacterial secretion, and motility, which contribute to ecological fitness or competence, ion homeostasis and nutritional competence, biocontrol or pathogenesis, etc. The P. aeruginosa PAK Gac system exerts direct transcriptional control only on the expression of sRNAs RsmYZ and thus posttranscriptionally regulates many relevant target genes or gene clusters. In P. aeruginosa M18, rsmY expression was almost entirely inhibited by the gacA mutation, while the gacA mutation led to only a partial decrease in rsmZ expression (unpublished data). However, in M18, it remains unknown whether all GacA regulons involved in structural and regulatory functions are exclusively regulated via the Gac/Rsm cascade, composed of three different components, the GacS/GacA two-component system, the sRNAs RsmY and RsmZ, and the RNA-binding repressor RsmA. Identification and characterization of more direct target genes of each component in the Gac/ Rsm system and their downstream key regulators should be conducted through the use of high-throughput technologies, such as chromatin immunoprecipitation with microarray technology, RNA sequencing, and interactomic techniques, to distinguish the Gac/Rsm-derived direct regulatory pathways from indirect pathways. Therefore, further research is needed to understand the complex regulatory pathways and networks that are commonly made up from the Gac/Rsm cascade and other global or pathwayspecific regulatory systems or factors, such as other TCSs, QSs, CSSs, sRNAs, transcriptional or posttranscriptional regulators of different families, etc.
